global genome repair (GGR) and transcription-coupled repair (TCR). GGR repairs the DNA damage over the entire genome, while TCR removes DNA lesions significantly faster from the transcribed strand of active genes than from the nontranscribed strand or the bulk of DNA quence has been shown to be defective in CS-B, XP-B/
UDS) (E-H) and the recovery of RNA synthesis after UV irradiation (RRS) (I-L) in normal FS-3 (E and I), GM02415 XP-E (F, G, and H), and NPS2 CS-A (J, K, and L) fibroblasts. The DDB2 (G and L) or CSA (H and K) complex was microinjected into respective fibroblasts. Ordinate indicates frequency of nuclei with grain numbers shown on the abscissa.

CS, XP-D/CS, and XP-G/CS cells (Cooper et al., 1997; Le
Results Page et al., 2000). Therefore, defective TCR of oxidative lesions, perhaps in addition to defective transcription, Purification of Functional Complexes Containing DDB2 and CSA may be the underlying cause of CS.
Here, we report purification of DDB2 and CSA, which DDB2 and CSA, which respectively contribute to GGR and TCR, have WD40 repeats and share 48% sequence play roles in GGR and TCR, respectively. Strikingly, DDB2 and CSA associate with an identical set of polysimilarity in the middle region containing the second to fifth WD40 repeats ( Figure 1A ). To explore the molecular peptides, making the only distinction between the two complexes DDB2 and CSA themselves. Like DDB2, CSA roles of these factors, we purified them as multimeric complexes. DDB2 and CSA were stably expressed as binds directly to DDB1; thus DDB2 and CSA appear to be integrated into nearly identical complexes. Neverthe-FLAG-HA-epitope fusions (e-DDB2 and e-CSA) in HeLa cells by retroviral transduction. e-DDB2 and e-CSA were less, biochemically, these complexes are quite different, serving distinct functions in GGR and TCR. The results each purified from the corresponding nuclear extracts by immunoprecipitation with anti-FLAG antibody folprovide new insights into mechanisms whereby DDB2 and CSA, respectively, contribute to GGR and TCR.
lowed with anti-HA antibody. The purified complexes were further separated on a 10%-30% glycerol gradient we purified are biologically functional and play roles in GGR and TCR, respectively. by ultracentrifugation. Silver staining of the peak fraction of each complex is shown in Figure 1B we attempted to purify it following UV irradiation. Our in these complexes are specific to e-DDB2 or e-CSA. preliminary experiments revealed that most of the DDB2 Surprisingly, all the polypeptides associated with e-DDB2 protein is present in the nuclear pellet fraction after and e-CSA are indistinguishable on the SDS-PAGE gel.
UV irradiation. Empirically, we found that DDB2 can be Nevertheless, immunoblotting shows no detectable efficiently solubilized together with mononucleosomes CSA in the DDB2 complex or DDB2 in the CSA complex by digesting the pellet fraction with excess amounts (Figure 1C ), indicating that these complexes are distinct of micrococcal nuclease. This allowed us to prepare a and independent.
solubilized chromatin fraction from the nuclear pellet fraction. As shown in Figure 2A , the majority of DDB2 was found in the nuclear extract fraction prior to UV DDB2 and CSA Both Interact with DDB1 Using mass spectrometric analyses, DDB1 was deirradiation (lane 1). However, after UV irradiation, DDB2 was primarily detected in the solubilized chromatin fractected in the 127 kDa band of both DDB2 and CSA complexes ( Figure 1B) . Consistently, immunoblotting tion (lane 4). Importantly, histones H2A, H2B, H3, and H4 copurified with DDB2 from the solubilized chromatin with anti-DDB1 antibody identified DDB1 in both complexes ( Figure 1C ). While DDB2 has been shown to be fraction after UV irradiation (lane 4), suggesting that DDB2 is tightly associated with the UV-damaged chroa heterodimeric partner for DDB1 (Keeney et al., 1993), to our knowledge a relationship between CSA and DDB1 matin. Moreover, only a subset of the subunits in the DDB2 complex was stoichiometrically purified from the has not previously been reported. Our data suggest that CSA, which possesses sequence similarity to DDB2 solubilized chromatin fraction (compare lanes 1 and 4) (discussed later). (Figure 1A ), also interacts with DDB1. To test this possibility, HA-epitope-tagged DDB1 was coexpressed with Unlike the DDB2 complex, the CSA complex did not copurify with nucleosomes after UV irradiation (data not DDB2 or CSA in Sf9 cells ( Figure 1D ). Like DDB2, CSA was coimmunoprecipitated with HA-DDB1. Thus, we shown). We confirmed these binding specificities in vitro by performing gel-shift experiments ( Figure 2B ). As reconclude that CSA and DDB2 are each integrated into similar complexes via interaction with DDB1.
ported for the DDB1/DDB2 heterodimer (Keeney et al., 1993), the DDB2 complex bound to DNA in a UV-damage-dependent manner (lanes 5 and 6). In contrast, the The DDB2 and CSA Complexes Play Roles in GGR CSA complex did not bind to DNA regardless of UV and TCR, Respectively damage (lanes 3 and 4). These results suggest that Because of the striking similarities between the DDB2 DDB2, rather than DDB1, plays a role in recognition of and CSA complexes, we tested whether these com-UV-damaged DNA. plexes can specifically complement NER defects when they are microinjected into the corresponding mutant cells. First, NER activity in DDB-deficient XP-E fibroThe CSA Complex Binds to RNA Polymerase II We next purified the CSA complex from cells that either blasts (GM02415B) was determined by UV-induced unscheduled DNA synthesis (UDS) that mainly reflects had or had not been UV irradiated. In contrast to the DDB2 complex (Figure 2A ), a significant amount of the GGR (Carreau and Hunting, 1992). Consistent with the fact that XP-E patients exhibit the mildest clinical signs CSA complex was purified from the solubilized chromatin fraction regardless of UV irradiation (see Figure 5B ). of UV sensitivity and skin cancer among XP groups, GM02415B fibroblasts retained 82% of NER activity However, a 240 kDa band, which associates substoichiometrically with the CSA complex, was predomicompared with FS-3 normal fibroblasts ( Figures 1E and  1F) . Importantly, microinjection of the DDB2 complex nantly found in the complex purified from UV-irradiated cells ( Figure 2C ). Mass spectrometric analyses identified into GM02415B fibroblasts restored UDS to 102% of the level in the normal fibroblasts ( Figure 1G ), whereas the largest subunit of RNA polymerase II in this band. Consistent with these data, immunoblot analysis remicroinjection of the CSA complex showed negligible effects ( Figure 1H) .
vealed that the hyperphosphorylated form of the largest subunit of RNA polymerase II (the IIo form), which is Next, we tested the effects of the DDB2 and CSA complexes on the TCR of CS-A fibroblasts. Since lack predominantly present in transcription elongation complexes (Reinberg et al., 1998) , in the CSA complex drastiof recovery of RNA synthesis after UV irradiation (RRS) is ascribed to a defect in TCR (Troelstra et al., 1992) , cally increased after UV irradiation ( Figure 2D, lane 4) . In contrast, similar amounts of the hypophosphorylated we estimated RRS as a measure of TCR. In Nps2 CS-A fibroblasts, RRS declined to 41% of the level in the form of the largest subunit of RNA polymerase II (the IIa form) were found in the CSA complex regardless of normal fibroblasts (Figures 1I and 1J ). As expected, microinjection of the CSA complex into Nps2 fibroblasts UV irradiation (lanes 3 and 4). In contrast to the CSA complex, only a trace amount of the largest subunit of restored RRS to 84% of that level ( Figure 1K ), whereas the DDB2 complex had almost no effect ( Figure 1L ).
RNA polymerase II was found in the DDB2 complex (lanes 1 and 2) . Taken together, these results indicate Thus, we conclude that the DDB2 and CSA complexes complexes, the following substrates were employed. The Distinct UV Response of the DDB2 and CSA Complexes The NEDD8-conjugated Cul4A-containing DDB2 comWe next tested how CSN in the DDB2 and CSA complex purified from cells 30 min after UV irradiation was plexes regulates ubiquitin ligase activity following UV used for a NEDD8 isopeptidase assay (see Figure 5C) . irradiation. As shown in Figures 2A and 5A , most of the Although ubiquitination of Cul4A cannot be detected in DDB2 is transferred from the nuclear extract fraction to vivo by our system (data not shown), Cul4A in the DDB2 the solubilized chromatin fraction after UV irradiation. complex lacking CSN can be artificially polyubiquitinImportantly, CSN disappeared from the DDB2 complex ated in vitro (see Figure 4A , lane 2). Polyubiquitin-conjupurified from the solubilized chromatin fraction after UV gated Cul4A, a substrate for the ubiquitin isopeptidase irradiation ( Figure 5A , lanes 1 and 4; see also Figure 2A ). assay, was prepared by in vitro ubiquitination reactions.
Moreover, conjugation of NEDD8 on Cul4A accompaThe wild-type and mutant CSN complexes were incunied this disappearance, presumably leading to activabated with these substrates, and isopeptidase activity tion of ubiquitin ligase activity. However, it is intriguing was determined by analyzing Cul4A by immunoblotting.
that the CSA complex responded to UV treatment differAs expected, NEDD8-deconjugating activity was deently (
Figure 5B). As described above, the CSA complex tected in the wild-type CSN5 complex, but not in the is found in the solubilized chromatin fraction regardless mutant CSN complex ( Figure 4C ). These results suggest of UV irradiation. In contrast to the DDB2 complex, even that the metalloprotease motif of CSN5 is the catalytic more CSN was detected after UV irradiation in the CSA site for the NEDD8-deconjugating activity. Unexpectcomplex. Furthermore, regardless of UV irradiation, no edly, the mutant CSN complex showed ubiquitin-decon-NEDD8 conjugation of Cul4A was detected. jugating activity that converts multiubiquitinated Cul4A
To further characterize the different UV responses of to monoubiquitinated Cul4A ( Figure 4D ). This activity the DDB2 and CSA complexes, we purified these commay be specific to the CSN complex given that the plexes from the solubilized chromatin fraction at differmock-purified control possessed no such activity. In ent time points after UV irradiation. Immunoblot analysis contrast, the wild-type CSN5 completely deconjugated of the purified complexes reveals that the amount of ubiquitin, producing nonubiquitinated Cul4A. These re-DDB2 reaches a maximum after 30 min UV irradiation sults suggest that at least two distinct ubiquitin isopeptiand gradually decreases thereafter ( Figure 5C ). Thirty dase activities associate with CSN: activities that deconminutes after UV irradiation, a significant amount of jugate ubiquitin from Cul4A ubiquitin and activities that Cul4A in the DDB2 complex is modified by NEDD8 and depolymerize polyubiquitin. The former activity could deconjugated at the later time points. Importantly, CSN, be catalyzed by the metalloprotease motif of CSN5, which dissociates from the DDB2 complex after UV irrawhereas the latter activity has not yet been characdiation, reassociates 2 hr after UV irradiation. Reassociated CSN could contribute to deconjugation of NEDD8 terized. from Cul4A and deubiquitination via ubiquitin isopeptidase activity, leading to inactivation of ubiquitin ligase activity of the DDB2 complex. These data suggest that shortly after UV irradiation, ubiquitin ligase activity in DDB2 complex is activated by dissociating CSN from the complex and conjugating NEDD8 to Cul4A. Subsequent inactivation is restored by reassociating CSN in the complex.
The amount of CSA in the solubilized chromatin fraction is almost unchanged by UV irradiation (Figure 5D ). Without UV irradiation, RNA polymerase IIa is preferentially found in the CSA complex. Thirty minutes after UV irradiation, significant amounts of RNA polymerase IIo and IIa are found in the complex. Thereafter, the level and form of associated RNA polymerase II gradually returns to the original state. In contrast to the DDB2 complex, modification of Cul4A by NEDD8 could not be detected. Additionally, the level of CSN in the CSA complex increased 30 min after UV irradiation and then declined. These data suggest that ubiquitin ligase activity in the CSA complex, which is active without UV irradiation, is rapidly inactivated after UV irradiation by recruiting CSN and then restored at the later time points. Taken together, our data lead to the conclusion that CSN responds to UV treatment differently, depending on the complexes, providing diverse regulation of ubiquitin ligase activity.
CSN Is Required for GGR and TCR
Our results suggest that positive and negative regulation of ubiquitin-mediated protein degradation plays a key role in TCR and GGR. To address whether CSN is required for TCR and GGR, we attempted to knockdown CSN5 by retrovirus-derived siRNA. We employed two different siRNA constructs, designated CSN5 siRNA-1 and siRNA-2. BJ1 fibroblasts were infected with these retroviruses, and transduced subpopulations were selected on the basis of their sensitivity to puromycin. Immunoblot analysis revealed that both CSN5 siRNA-1 and siRNA-2 efficiently repressed expression of CSN5 peptidase activity that depolymerizes polyubiquitin. While the major components of the CSN complex are CSN1 to CSN8, it also contains many substoichiometric association of CSN with these complexes is differentially polypeptides that specifically associate with CSN5 (Figregulated by UV signals (Figure 7 ). In the DDB2 complex, ure 4B). Further analyses of the purified CSN complex CSN rapidly dissociates from the complex after UV irracould reveal the identity of additional ubiquitin isopeptidiation. At the same time, Cul4A in the complex is modidase in the CSN complex. Taken together, our data fied by NEDD8, suggesting that the ubiquitin ligase acsuggest that CSN has the capacity to negatively regulate tivity is stimulated in response to UV irradiation in vivo. the ubiquitin ligase activity of cullin-based ubiquitin ligase After DNA repair has occurred, CSN presumably reassoby two mechanisms: suppression of ubiquitin ligase activciates with the DDB2 complex, leading to deconjugation ity by deconjugating NEDD8 from cullin-NEDD8 and deof NEDD8 from Cul4A. In contrast, CSN rapidly associpolymerization of ubiquitin chains by ubiquitin isopeptiates with the CSA complex in the solubilized chromatin dase activity. 4ЊC for 2 hr at 100V with circulating TE buffer.
In Vitro Ubiquitin Ligase Assay Experimental Procedures
To measure ubiquitin ligase activity in the DDB2 and CSA complexes, samples were incubated at 30ЊC for 60 min in 15 l of assay Purification of the DDB2 and CSA Complexes HeLa cells stably expressing N-terminally FLAG-HA-epitope-tagged buffer containing 0.1 g Uba1 E1, 0.03 g UbcH5b E2, 5 g ubiquitin, 50 mM Tris-HCl (pH 8.0), 5 mM MgCl 2 , 0.2 mM CaCl 2 , 1 mM DTT, DDB2 or C-terminally FLAG-HA-epitope-tagged CSA were prepared as described previously (Ikura et al., 2000; Ogawa et al., 2002) . and 4 mM ATP. To determine deubiquitinating activity in CSN after completion of ubiquitination reaction, 0.2 g of purified CSN was e-DDB2 and e-CSA were purified from the nuclear extract and from solubilized chromatin fractions by immunoprecipitation with antiadded to the reaction mixture, which was further incubated at 30ЊC for 30 min. FLAG antibody followed by anti-HA antibody according to our stan-
